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a  b  s  t  r  a  c  t
TiO2 nanoﬁbers  were  prepared  within  polyvinylpyrrolidone  (PVP)  polymer  using  a combination  of  sol–gel
and electrospinning  techniques.  Based  on  a Taguchi  design  of experiment  (DoE)  method,  the  effects  of
sol–gel  and  electrospinning  on the  TiO2/PVP  nanoﬁbers’  diameter,  including  titanium  isopropoxide  (TiP)
concentration,  ﬂow  rate, needle  tip-to-collector  distance,  and  applied  voltage  were  evaluated.  The  anal-
ysis of  DoE  experiments  for nanoﬁber  diameters  demonstrated  that TiP  concentration  was  the  most
signiﬁcant  factor.  An  optimum  combination  to obtain  smallest  diameters  was  also  determined  with  a
minimum  variation  for electrospun  TiO2/PVP  nanoﬁbers.  The  optimum  combination  was  determined  to
be a 60%  TiP  concentration,  at a ﬂow  rate  of 1 ml/h,  with  the  needle  tip-to-collector  distance  at  11  cmlectrospun nanoﬁbers (position  a), and  the  applied  voltage  of 18  kV.  This  combination  was  further  validated  by  conducting  a
conﬁrmation  experiment  that  used  two  different  needles  to  study  the  effect  of  needle  size.  The  aver-
age  nanoﬁber  diameter  was  approximately  the  same  for both  needle  sizes  in  good  accordance  with  the
optimum  condition  estimated  by the  Taguchi  DoE  method.
© 2015  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
The electrospinning technique has attracted considerable atten-
ion as a relatively new, cheap and simple synthesis method
or one-dimensional nanostructures [1–4]. The unique nanoﬁbers
repared by electrospinning generally exhibit high surface area-
o-volume ratios, high porosity, nanosized effects, and excellent
echanical strength [5]. They have been suggested for many appli-
ations, such as membrane separation, drug delivery, protective
lothing, wound dressings, ﬁltration, tissue engineering, and elec-
ronics [6–9].
Titanium dioxide (TiO2), also known as titania, has emerged as
 promising photocatalyst in the current market. It has the advan-
ages of being photocatalytically stable, reasonably inexpensive,
nd relatively easy to produce and use. It is a human and envi-
onmentally friendly photocatalyst used to treat polluted air and
ater, and to split water to generate hydrogen [10]. A high surface∗ Corresponding author. Tel.: +61 8 9266 7544; fax: +61 8 9266 2377.
E-mail address: j.low@curtin.edu.au (I.M. Low).
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2015.05.001
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Producarea-to-volume ratio (SA/vol) of electrospun nanoﬁbers can signif-
icantly improve the photocatalytic performance of TiO2 because
of small ﬁber size, and the high SA/vol provides further means
for quick charge transfer to the dynamics of hole–electron (e−/h+)
recombination on a large speciﬁc surface area of TiO2 nanoﬁbers
[6,11].
TiO2 nanoﬁbers can be synthesized by combining electrospin-
ning with a TiO2 sol–gel technique [2,3,11–14]. The components
of the electrospun experiment to synthesize TiO2 nanoﬁbers com-
prise a syringe pump, a syringe with a conductive needle, a high
voltage supply, a conductive collector, copper wires, and a sol–gel
of polymer (binder), and a TiO2 precursor [4]. In general, electro-
spun nanoﬁber diameters depend primarily on three processing
parameter sets [15] mentioned below.
The ﬁrst set of adjusted parameters involved in the sol–gel
solution include electrical conductivity, viscosity, surface tension,
polymer concentration, and molecular weight. They are related to
one another, and these relationships have important inﬂuences
on electrospun nanoﬁber diameters [16]. The viscosity of the TiO2
solution depends on the molecular weight and concentration of the
material solution, such as polymer, solvent, and TiO2 sources. The
polymer concentration is one of the most signiﬁcant factors in con-
trolling beads and ﬁber diameters [16–18]. The TiO2 ﬁber diameter
tion and hosting by Elsevier B.V. All rights reserved.
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ncreases with a higher TiO2 concentration in a precursor solution
12,19].
Electrospinning conditions are the second set of parameters,
hich consist of applied voltage, ﬂow rate, needle size, and nee-
le tip-to-collector distance [16]. Optimally applied voltage is
 signiﬁcant factor to affect ﬁber diameters [17,19–21]. High
pplied voltage (i.e., strong electrical repulsive forces) reduces the
anoﬁber diameter, resulting in highly stretched and elongated
bers [20]. Flow rate plays one of the most important roles in
etermining the ﬁber diameter and bead formation, because it
etermines the amount of sol–gel solution available to be stretched
nto nanoﬁbers [16,19,20]. During the electrospinning process, the
hape and size of the needle tip affect the formation of Taylor cone
nd nanoﬁber oscillation [22]. Ksapabutr et al. [22] claimed that a
awtooth needle shape allowed for Taylor cones of greater length
han standard and ﬂat counterparts. A needle tip-to-collector dis-
ance with the sufﬁcient ﬁeld gradient produces ﬁbers with less
ead defects, but the more considerable distance increases the
anoﬁber diameter owing to subsequent decreases in the elec-
ric ﬁeld gradient [17]. Applied high voltage setting, a large needle
ip-to-collector distance, a comparatively low concentration of
olymer solutions and a low ﬂow rate reduce the variation in prod-
ct quality of electrospun ﬁber mats with a minimum number of
xperiments [17]. It is clear that the relationship between electro-
pun variables and associated ﬁbrous structures is still not well
nderstood to achieve ultraﬁne bead-free nanoﬁbers with good
imensional stability.
Aspects of the atmospheric environment, such as humidity,
ressure, and temperature, belong to the last set of parameters. The
verage nanoﬁber diameter decreases with increasing atmospheric
emperature and decreasing atmospheric humidity [23].
Electrospun TiO2/PVP nanoﬁbers were synthesized using dif-
erent titanium oxide precursors with a constant ﬂow rate, needle
ip-to-collector distance, and applied voltage in most electrospun
xperiments [2,8,28–31]. The ﬁbers have a smooth and uniform
urface with a random orientation, and the average ﬁber diameters
ange from 132 to 2280 nm [24–27]. Kumar and co-worker used a
ifferent applied voltage and ﬂow rate with a constant needle-to-
ollector distance. At ∼10 cm,  the average diameter of the as-spun
iO2/PVP nanoﬁber was 450 nm at 10 kV and 1 ml/h, 262 nm at
0 kV and 1 ml/h, and 145 nm at 20 kV and 0.5 ml/h [20].
The Taguchi method for robust experimental design is a use-
ul engineering approach to select the optimal levels of processing
arameters with the minimal sensitivity to different causes of vari-
tions. Furthermore, such a method can also elucidate the effects of
 large and complex number of factors on an individual and inter-
ctive basis. In general, two essential tools are required, namely
n orthogonal array (OA) to simultaneously accommodate several
xperimental design factors, and signal to noise ratio (S/N) to mea-
ure the most robust set of operating conditions from variations
ithin the results [17,28–31].
In this study, TiO2 nanoﬁbers were fabricated with PVP polymer
s precursor using both sol–gel and electrospinning techniques. An
ptimum combination of parameters obtained from TiP concentra-
ion, ﬂow rate, needle tip-collector distance, and applied voltage in
esponse to minimizing diameter size and its variation for TiO2/PVP
anoﬁbers was  determined by means of the Taguchi DoE method.
uch an optimum condition was further implemented to explore
he effect of needle size on ﬁber diameters accordingly.
. Experimental procedure.1. Materials
Titanium isopropoxide (TiP) (MW = 284.22 g/mol, 97% purity),
olyvinylpyrrolidone (PVP) (MW = 1,300,000 g/mol, 100% purity),Fig. 1. Schematic diagram of electrospinning process with a slope collector.
acetic acid (Mw = 60.05 g/mol, 99.7% purity) and ethanol (Mw =
46.07 g/mol, 99.5% purity) were all purchased from Sigma–Aldrich,
Inc., NSW, Australia.
2.2. Preparation of TiO2/PVP sol–gel
TiO2/PVP solutions were prepared by mixing 40 wt%, 50 wt%  or
60 wt%  TiP with a constant mixed solvent, which comprised 2.098 g
acetic acid and 4.734 g ethanol (1:3 volume ratio) with 2.05 g PVP
polymer inside a glass bottle. The solutions were subsequently sub-
jected to magnetic stirring for 120 min  at 80 ◦C. The viscosity of
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to control the solution ﬂow rate at 0.5, 1, or 2 ml/h during the elec-
trospinning process. The voltage setting was  controlled by a high
voltage power supply to maintain 14, 18, or 25 kV between the
needle and the slope collector. The slope collector was  coveredig. 2. SEM micrographs of electrospun TiO2/PVP nanoﬁbers used in DoE study: (a
 m.
he TiO2/PVP solution depends on the concentration and molecu-
ar weight of PVP polymer, the solvent, and TiO2 sources [3,12]. As
he solvent and PVP were constant, the viscosities of the solutions
ere solely controlled by the TiP concentration (wt%). Increasing
he TiP concentration (284.22 g/mol) reduces the concentration of
VP (1,300,000 g/mol), which further reduces the solution viscosity.
.3. Electrospinning experiments
A commercial Nabond® electrospinning unit (standard type)
as purchased from Nabond Technologies Co., Ltd., Shenzhen,
hina to fabricate electrospun ﬁber mats. The homogeneous solu-
ion was loaded into a 10 ml  plastic syringe that was  attached to
 stainless steel needle with the inner diameter of approximately
able 1
our factors and three levels selected in the DoE study for electrospun TiO2/PVP
anoﬁbers.
Factor description Level
1 2 3
A TiP concentration (wt%) 40 50 60
B  Flow rate (ml/h) 0.5 1 2
C  Needle tip-to-collector distance (cm) ∼11 ∼8 ∼9
D  Applied voltage (kV) 14 18 25b) T2, (c) T3, (d) T4, (e) T5, (f) T6, (g) T7, (h) T8, and (i) T9. All scale bars represent
0.514 mm.  The needle tip-to-collector distance was varied due to
a slope aluminum collector (see Fig. 1). Thus, the needle tip-to-
collector distances were in range of ∼11 cm for position a, ∼8 cm
for position b, and ∼9 cm for position c. A syringe pump was  usedTable 2
Taguchi orthogonal array with nine trials (L9).
Trial Factor
A: TiP
concentration
(wt%)
B: ﬂow rate
(ml/h)
C: needle
tip-to-collector
distance (cm)
D: applied
voltage (kV)
T1 40 0.5 a 14
T2 40 1 b 18
T3 40 2 c 25
T4 50 0.5 b 25
T5 50 1 c 14
T6 50 2 a 18
T7 60 0.5 c 18
T8 60 1 a 25
T9 60 2 b 14
H. Albetran et al. / Journal of Asian Cera
w
w
p
pFig. 3. EDS spectra of electrospun TiO2/PVP nanoﬁbers.ith an aluminum foil, and the needle tip-to-collector distance
as adjusted accordingly. The electrospinning experiments were
erformed in a sealed environmental chamber at a constant tem-
erature of 30 ◦C maintained by a lamp heater.
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2.4. Taguchi DoE
Four factors of sol–gel and electrospinning parameters have
been selected for this experiment, which are given by TiP concen-
tration, ﬂow rate, collector distance, and applied voltage at three
different levels (Table 1). The full factorial experiment of 81 (34)
trials can be completed in just 27 runs due to the slope collector,
but that entails a large number of tests, which are signiﬁcant in
both experimental cost and time. As a result, Taguchi DoE layouts
are more applicable when compared to a traditional full-factorial
counterpart. This is because it reduced the number of tests to a
practical level, thus signiﬁcantly saving the experimental time and
associated costs as opposed to the conduct of four factors individu-
ally. The L9 DoE orthogonal array was selected with the assumption
of no factorial interactions, resulting in nine trials as illustrated in
Table 2.
2.5. Analysis of variance (ANOVA)
As earlier mentioned, the Taguchi DoE method replaces the full
factorial experiments with only a simple orthogonal array of nine
trials. To determine the signiﬁcant factors, and optimum combina-
tion of factors, an analysis of variance (ANOVA) was  utilized in order
to offer a measure of conﬁdence by determining and analyzing the
n DoE study: (a) T1, (b) T2, (c) T3, (d) T4, (e) T5, (f) T6, (g) T7, (h) T8, and (i) T9.
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Fig. 4. (Continued)
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Table 3
Changes in nanoﬁber diameters of electrospun TiO2/PVP.
Trial Combination of
factors
Average nanoﬁber
diameter and standard
deviation (nm)
S/N
T1 A40B0.5CaD14 218 ± 126 −47.99
T2  A40B1CbD18 305 ± 165 −50.78
T3  A40B2CcD25 271 ± 203 −50.56
T4  A50B0.5CbD25 162 ± 59 −44.73
T5  A50B1CcD14 142 ± 28 −43.21
T6  A50B2CaD18 118 ± 25 −41.61
T7  A60B0.5CcD18 85 ± 18 −38.81H. Albetran et al. / Journal of Asia
ata variance [31]. In the ANOVA, the total variation (ST), the sum
f squares of each factor (Si) and the percentage contribution (%)
ere computed, respectively [31].
.5.1. Total variation (ST)
The total variation (ST) is the sum of squares of all trial results,
hich is expressed in the following form:
T =
[
N∑
i=1
Y¯2i
]
−
⎡
⎢⎣
(∑N
i=1Y¯i
)2
N
⎤
⎥⎦ (1)
here Y¯i is the mean ﬁber diameter and N is the number of trials
n Taguchi DoE study.
.5.2. Total variance of each factor (Si)
A =
A240
3
+ A
2
50
3
+ A
2
60
3
− C.F (2)
B =
B20.5
3
+ B
2
1
3
+ B
2
2
3
− C.F (3)
C =
C2a
3
+ C
2
b
3
+ C
2
c
3
− C.F (4)
D =
D214
3
+ D
2
18
3
+ D
2
25
3
− C.F (5)
here SA, SB, SC, and SD are the sum squares for four factors
f TiP concentration, ﬂow rate, needle tip-to-collector distance,
nd applied voltage at three different levels, respectively. C.F is
enoted as the correction factor, which is a term similar to the(∑N
i=1Y¯i
)2
/N
]
in Eq. (1) and it remains constant for all factors.
he correction factor (C.F) is used for the calculation of all sums of
quares [31].
.5.3. Percentage contribution (%)
The percentage contribution of four factors (PA, PB, PC, or PD) is
he ratio of the total variance of each factor (SA, SB, SC, or SD) to total
ariation (ST) as given by:
i =
Si
ST
× 100 (6)
here i is the number of factors (i = 4 for this study).
.5.4. Signal to noise ratio (S/N) of electrospun TiO2 nanoﬁber
iameter
A “smaller the better” characteristic formula [17,28,29,31] has
een used to identify the optimum combination of factors to reduce
oth the ﬁber diameter and its variation in electrospun TiO2/PVP
anoﬁbers as indicated below:
/N = −10 log
(
1
n
n∑
i=1
y2i
)
(7)
here S/N is the signal-to-noise ratio, n is the number of measure-
ents, and y is the diameter of electrospun TiO2/PVP nanoﬁbers.
athematically the greater the value of S/N, the smaller the vari-
nce for electrospun TiO2/PVP nanoﬁbers.
. Characterization
.1. Scanning electron microscopy (SEM)Electrospun TiO2/PVP nanoﬁbers were sputter coated with 3 nm
latinum layers to be electrically conductive for reducing the sur-
ace charge issue. The surface morphologies of the samples wereT8  A60B1CaD25 70 ± 18 −37.22
T9  A60B2CbD14 227 ± 57 −47.37
examined using an EVO 40XVP scanning electron microscope at
an accelerating voltage of 15 kV and the magniﬁcation of 3000×
with a working distance at 8.5 mm.  Energy dispersive X-ray spec-
troscope (EDS) at an acceleration voltage of 10 kV was  also used to
qualitatively analyze the elemental compositions.
3.2. Imaging analysis
The electrospun nanoﬁber diameters from the SEM images were
measured by ImageJ® software (version 1.48e) developed by the
National Institutes of Health (NIH), USA. The number of pixels over
the scale bar in the SEM image was calibrated by the given length
of the scale bar in the corresponding image. Subsequently, the ﬁber
length perpendicular to the ﬁber axis was  measured manually for
each ﬁber. The total number of ﬁber measurements was  40 in each
SEM image and associated average nanoﬁber diameters along with
their standard deviations were calculated accordingly.
4. Results and discussion
4.1. Nanoﬁber morphology and diameter
SEM micrographs of electrospun nanoﬁber morphology for the
L9 DoE are illustrated in Fig. 2. The randomly oriented nanoﬁbers
had smooth surfaces along with most of large beads as typical
defects except that only minor bead defects are noticed in Fig. 2e–g.
Fig. 3 shows a typical EDS spectrum of the DoE study with elemen-
tal signals for Ti, O, Pt, and C, where Ti and O elements are assigned
to TiO2, as well as C and Pt elements are due to PVP polymer and
the platinum coating, respectively [14].
Fig. 4 shows the frequency contribution diagrams for the
DoE study in the diameter range of 25–1050 nm. The corre-
sponding average ﬁber diameters and standard deviations are
illustrated in Table 3. T2 in the DoE study yielded the highest
average diameter (305 ± 165 nm)  with the highest range of vari-
ation in diameter (125–1050 nm). The highest viscosity level of the
sol–gel solution with 40% TiP concentration and the lowest nee-
dle tip-to-collector distance (position b) were the main reasons
for the increased nanoﬁber diameter. However, nanoﬁber diameter
decreased slightly for T1, T3, and T9, where the average diameters
and the standard deviations were 218 ± 126 nm, 271 ± 203 nm,  and
227 ± 57 nm,  respectively. Both T1 and T3 had the same sol–gel con-
centrations as opposed to T2 with 40 wt% TiP, but with different
electrospinning parameters. The needle tip-to-collector distance
for T1 (position a) and T3 (position c) was higher than that for the
T2 (position b), which was  one reason for decreasing ﬁber diame-
ter. Other reasons to achieve this were to reduce the ﬂow rate or
increase the applied voltage. T1 had the lowest level of ﬂow rate
(0.5 ml/h), but it also had the lowest level of the applied voltage
(14 kV). T3 had the highest level of the applied voltage (25 kV),
but also had the highest level of the ﬂow rate (2 ml/h). For T9,
298 H. Albetran et al. / Journal of Asian Ceramic Societies 3 (2015) 292–300
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Fig. 6. ANOVA diagram for the determination of signiﬁcant factors to inﬂuence
electrospun TiO2/PVP nanoﬁber diameters.ig. 5. The effect of TiP concentration, ﬂow rate, needle tip-to-collector distance,
nd applied voltage on the average nanoﬁber diameter of electrospun TiO2/PVP.
he main reason for the reduction in the diameter size was  the TiP
oncentration of 60 wt%, despite its lowest distance (position b),
owest applied voltage (14 kV), and highest ﬂow rate (2 ml/h). The
iP concentration of T4, T5, and T6 was 50 wt%, but with different
ombinations of electrospinning factors. Most of the diameter vari-
tion was from 75 to 275 nm,  and the average diameters were under
00 nm.  For both T7 and T8, the highest level of TiP concentration
t 60 wt% was used. The average ﬁber diameters and the standard
eviations were 85 ± 18 nm for T7, and 70 ± 18 for T8 due to dif-
erent electrospinning conditions. Both T7 and T8 had a minimum
ariance of ﬁber diameter, where about 80% frequency contribution
as detected in the ﬁber diameter range of 50–100 nm.  Fig. 5 shows
he effect of TiP concentration, ﬂow rate, needle tip-to-collector
istance, and applied voltage on the average nanoﬁber diameter
f electrospun TiO2/PVP. It was found that the ﬁber diameters
ecreased with increasing the TiP concentration (a decrease in vis-
osity due to the low concentration of PVP polymer in the TiP/PVP
olution), needle tip-to-collector distance (position a) and applied
oltage setting while decreasing the ﬂow rate, which is in good
greement with previous literature [11,17,20]. The nanoﬁber diam-
ters decreased relatively sharply from 265 nm with the 40 wt%
iP to 127 nm with 60 wt% TiP. This ﬁnding suggests that the TiP
oncentration is the most signiﬁcant factor for achieving the small
anoﬁber diameter of electrospun TiO2/PVP with the minimum
ariance (a further detail is included in the Taguchi analysis).
.2. Analysis of variance (ANOVA)
The relative percentage contributions of electrospinning factors
ere determined using Eqs. (1)–(6). The ANOVA diagram depicted
n Fig. 6 demonstrates that the effect of processing parameters
n nanoﬁber diameters of electrospun TiO2/PVP by the percent-
ge contributions for selected L9 DoE factors. The TiP concentration
factor A) was a signiﬁcant variable to control the nanoﬁber diam-
ter with a percentage contribution of 63.45%. This provides the
urther evidence that increasing the TiP concentration decreases
he diameter size. The second and third most prevalent factors in
inimizing nanoﬁber diameters were the needle tip-to-collector
istance (factor C) and the ﬂow rate (factor B) with the percentage
f contributions of 26.59% and 7.23% accordingly. The applied volt-
ge (factor D) appeared to be insigniﬁcant at 2.72% only. It is implied
hat the applied voltage has a trivial impact on the nanoﬁber diam-
ter, which can be maintained at the workable experimental range..3. Optimum combination of factors
The S/N ratios for electrospun TiO2/PVP nanoﬁbers were calcu-
ated using the “smaller the better” Eq. (7) for the nine TaguchiFig. 7. Average S/N ratio diagram for the determination of the optimum combination
of factors for electrospun TiO2/PVP nanoﬁbers with the smallest ﬁber diameter size
and its minimum variation.
DoE study (Table 3). Since the purpose of this research work is
to determine the smallest nanoﬁber with the minimum variance,
the highest value of S/N ratio yields the optimum condition from
the Taguchi DoE work [17,28,31]. As illustrated in Table 3, T8
(A60B1CaD25) was determined to be the best candidate for inclusion
in the optimal combination, which has the maximum S/N value of
−37.22 with the average nanoﬁber diameter and standard devia-
tion at 70 ± 18 nm.  However, T7 (A60B0.5CcD18) with the S/N value
of −38.81 and the average ﬁber diameter and standard deviation at
85 ± 18 nm is another strong candidate. The average ﬁber diameter
for T8 is slightly smaller than that for T7, but the ﬁber variance for
T7 is less than that for T8, and the standard deviation is ±18 nm
in both cases. In Fig. 4, 60% frequency contribution of ﬁbers in the
nanoﬁber diameter range from 75 to 100 nm for T7; whereas for
T8, it is 45% in the diameter range of 50 to 75 nm, and 35% between
75 and 100 nm.
Therefore, the average S/N ratio was  calculated to determine
the best level factor for the optimum contribution to minimize
the diameter and variation of electrospun TiO2/PVP nanoﬁbers as
shown in Fig. 7. It suggests that 60 wt% TiP concentration, a ﬂow
rate of 1 ml/h, needle tip-to-collector distance (position a), and
applied voltage of 18 kV (A60B1CaD18) is the optimum combina-
tion of factors to obtain small electrospun TiO2/PVP nanoﬁber with
the minimum variation. It is further proven that the TiP concen-
tration and the needle tip-to-collector distance are the two most
H. Albetran et al. / Journal of Asian Ceramic Societies 3 (2015) 292–300 299
Fig. 8. SEM micrographs of the conﬁrmation experiment for the optimum combi-
nation of factors (A60B1CaD18) using two  different needle sizes: (a) 0.514 mm and
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ob)  0.819 mm.  All scale bars represent 2 m.
igniﬁcant factors; whereas the ﬂow rate and the applied voltage
ppear to be relatively insigniﬁcant.
.4. Conﬁrmation experiment to optimum conditions
The conﬁrmation experiment for the optimum combination of
actors was subsequently carried out as a necessary and important
ost-step in the Taguchi DoE method [31]. The optimum com-
ination (A60B1CaD18) was tested with the same needle size of
.514 mm and a new needle size of 0.819 mm to study the effect on
he nanoﬁber diameter of electrospun TiO2/PVP. Fig. 8 shows the
ypical SEM images of conﬁrmation experiments with both needle
izes. The randomly oriented nanoﬁbers had smooth surfaces with-
ut beads defects in both images. The mean diameter and range
re 79 ± 11 nm and 84 ± 13 nm for the conﬁrmation experiments of
he needle size of 0.514 mm,  and needle size of 0.819 mm,  respec-
ively. It is clear that the needle size is a non-signiﬁcant factor in the
anoﬁber diameter of electrospun TiO2/PVP. The diameters of these
anoﬁbers for both needles sizes are compared closely with the best
aguchi candidate values obtained in T7 (85 ± 18), and T8 (70 ± 18).
he T8 gives the smallest nanoﬁber diameter, but the optimum
ombination (A60B1CaD18) gives comparatively small electrospun
iO2/PVP nanoﬁber diameter with the smallest standard deviation.
n Fig. 9, most the frequency contribution diagrams for both con-
rmation experiments are presented in the ﬁber diameter range of
0–100 nm with smallest standard deviations, as compared to the
rthogonal array with nine trials (L9).Fig. 9. Frequency contributions to electrospun TiO2/PVP nanoﬁbers diameter range
for  conﬁrmation experiments using needle sizes of (a) 0.514 mm and (b) 0.819 mm.
5. Conclusions
An L9 orthogonal array along with S/N ratios and ANOVA in
Taguchi DoE method was  used to investigate TiP concentration,
ﬂow rate, needle tip-to-collector distance, and applied voltage at
three different levels on the nanoﬁber diameter of electrospun
TiO2/PVP. The small nanoﬁber diameter with the minimum vari-
ance has been found to be controlled mainly by two signiﬁcant
factors, namely TiP concentration, and needle tip-to-collector dis-
tance. The optimum combination of factors with the highest level
of the TiP concentration, and the highest relative needle tip-to-
collector distance (position a) was found along with a ﬂow rate
of 1 ml/h and an applied voltage setting of 18 kV (A60B1CaD18).
The effects of the needle size on the nanoﬁber diameter and its
variation of electrospun TiO2/PVP were also investigated based on
this optimal combination. It was determined that the needle size
is a non-signiﬁcant factor in the nanoﬁber diameter of electrospun
TiO2/PVP.
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